12. (10%) Schematically design a CA3 network and its inputs that would explain the results from the paper by Nakazawa et al.? 36 Place cells in hippocampal area CA1 may receive positional information from the intrahippocampal associative network in area CA3 or directly from the entorhinal cortex. To determine whether direct entorhinal connections support spatial firing and spatial memory, we removed all input from areas CA3 to CA1, thus isolating the CA1 area. Pyramidal cells in the isolated CA1 area developed sharp and stable place fields. Rats with an isolated CA1 area showed normal acquisition of an associative hippocampal-dependent spatial recognition task. Spatial recall was impaired. These results suggest that the hippocampus contains two functionally separable memory circuits: The direct entorhinal-CA1 system is sufficient for recollection-based recognition memory, but recall depends on intact CA3-CA1 connectivity.
The hippocampus and related medial temporal lobe regions play a pivotal role in encoding, consolidation, and retrieval of associations responsible for episodic memory (1) (2) (3) (4) (5) . The hippocampus consists of structurally dissimilar processing modules (subfields) that are interconnected serially as well as directly with the adjacent entorhinal cortex (6, 7) . This arrangement suggests that individual subfields may subserve discrete computational functions, but evidence linking particular modules to specific memory operations is sparse.
The most conspicuous functional characteristic of pyramidal cells in the hippocampus is their location-specific activity (2, 8) . Hippocampal "place cells" are influenced by experience and may form a distributed map-like mnemonic representation of the spatial environment that the animal can use for efficient navigation (2, 9) . But how do distinct hippocampal circuits contribute to such signals, and what is the functional capacity of each part of the place-cell network? One possibility is that place-related firing is a result of intrahippocampal computations. The CA3 area may have the capacity to associate and store patterned information received from the dentate gyrus or directly from the entorhinal cortex (1, 10 -12) . However, place fields have been recorded in area CA1 after selective dentate gyrus lesions (13) , and place fields were not affected by a moderate reduction of neuronal activity in area CA3 (14) ; these results suggest that positional information from the entorhinal cortex might bypass the dentate gyrus and perhaps also CA3. To determine whether placerelated firing in area CA1 is imposed by the associative network in area CA3 or by the direct connections from the entorhinal cortex (6, 7 ), we removed the input from area CA3 so that the remaining CA1 area was innervated only by fibers from the entorhinal cortex.
We first implanted electrodes in four rats in which area CA3 had been removed bilaterally with ibotenic acid (15) . The CA3 area was removed throughout most of the dorsal hippocampus in all animals ( Fig. 1 , A to C), whereas area CA1 was largely spared. Neurons appeared normal at the recording position (Fig. 1B) . After surgery, the rats were trained to collect scattered food in a square open field, and unit signals were recorded from area CA1. Most of the 42 pyramidal neurons recorded in these animals had distinct and well-defined place fields that were stable for at least 1 hour and thus were similar to those of normal rats (Fig. 1D ). These observations suggest that area CA3 may not be necessary for establishing and maintaining place fields in area CA1, and that spatial information from the neocortex may reach the hippocampus primarily through the alternative route: the direct pathway from layer III of the entorhinal cortex.
However, because many functions of hippocampal neurons may be performed with relatively small portions of intact hippocampal tissue (16), the place-specific firing in area CA1, as observed in CA3-lesioned rats, could reflect input from remaining CA3 cells at the septal pole or in more temporal parts of the hippocampus. To isolate the direct entorhinal pathway to area CA1 completely, we removed the contralateral hippocampus and made a sequence of continuous miniature razor-blade cuts between areas CA3 and CA1 of the spared hippocampus (Fig. 2) . This procedure separated the recording site from area CA3 as well as from subcortical afferents entering through the fimbria-fornix (Fig. 2, M to Q) . We recorded place fields from 124 CA1 cells in 11 rats with such lesions. Most units exhibited clear place specificity in the open field after postsurgical training and appeared similar to cells from normal animals (Fig. 2Y) . Place fields were stable across recording sessions, even over several days (Fig. 2Y) . The discharge was theta-modulated (17), indicating that both spatial and temporal firing patterns could be imposed through the direct entorhinal input (18) . The animals were also trained to run on a linear track on which they received reward at the turning points. Disruption of CA3 input did not attenuate the directional modulation that is characteristic of place cells in bidirectional environments (19) (Fig. 2Z) .
The success of the disconnection procedure was verified after recording by injecting a fluorescent retrograde tracer at the recording position. The center of the injection coincided with the recording position (Fig. 2O ). This resulted in retrograde labeling of pyramidal neurons in area CA3 in four nonlesioned control animals (Fig. 2 , G to K). In contrast, injections into area CA1 in six implanted rats with cuts between areas CA3 and CA1 generally failed to label neurons in area CA3 (Fig. 2, S to W) . A few labeled neurons were detected at the septal pole of the hippocampus in two or three of the animals ( Fig.  2S ), but place fields were neither sharper nor more stable in these animals than in animals without a label in area CA3. Layer III neurons in the entorhinal cortex were labeled in both control rats and lesioned rats (Fig. 2 , L and X).
We next investigated whether removal of CA3 input had more subtle effects on place cells in area CA1. Five rats with intact hippocampi were trained in the open field and on the track, and 110 cells recorded from these rats were compared with 166 cells from the lesioned groups (Fig. 3) . Repeated measurements from the same rat were pooled. Disruption of CA3 input gave a weak but consistent reduction of the sharpness of place fields from area CA1. This was expressed as an increase in the sparseness of the fields (20) . The Hodges-Lehmann estimate of median sparseness was 0.46 for lesioned rats and 0.30 for intact rats (Mann-Whitney U test: Z ϭ 2.9, P Ͻ 0.005). The size of the place fields was not significantly altered (28.2% versus 18.9% of the box surface, respectively; Z ϭ 1.7). The peak rate was reduced (7.0 Hz versus 10.3 Hz, respectively; Z ϭ 2.2, P Ͻ 0.05). The results were independent of the type of CA3 lesion (Fig. 3, A and B) . These effects were small compared to the differences between the firing fields of pyramidal cells and interneurons (Fig. 3, A and B) . Place fields were stable across sessions in both lesioned rats and control rats. Removal of CA3 input had no significant effect on how much the peak of the place field moved across a 1-or 24-hour interval ( Fig. 3C ; P Ͼ 0.05). Blocking input from area CA3 also failed to change the proportion of directionally modulated place cells on the linear track ( Fig.  3D ; P Ͼ 0.05). There was no group difference in average firing rate (1.00 Hz versus 0.91 Hz in legioned and control-operated rats, respectively; Z ϭ 0.2, P Ͼ 0.05).
The direct pathway from the entorhinal cortex thus seems to be sufficient for establishing and maintaining fundamental properties of place cells in area CA1. We next tested whether the reduced circuitry also supported memory.
Spatial recognition and spatial recall were measured after extensive ibotenate-induced CA3 lesions that spared subcortical connections ( Fig. 4A) (fig. S1 ).
Recognition was tested in an annular water maze in which rats found an escape platform at a constant location after one or several laps of swimming. The task had no navigational demands, as the corridor walls guided the rats to the platform. Recognition of the goal location was expressed as slower swimming near the target on probe trials (Fig. 4B ) (movie S1). Rats with selective damage to area CA3 showed strong recognition on all probe trials (days 2 to 5; Fig. 4C ) and acquired the task as rapidly and accurately as the sham-operated group. Their performance was in sharp contrast to the slow learning of animals with damage to the entire hippocampus (Fig. 4, B There are four main implications of the present study. First, direct entorhinal-hippocampal connections have significant capacity for transforming weak location-modulated signals from superficial layers of the entorhinal cortex (23) into accurate spatial firing patterns in area CA1, without the participation of the CA3 area (24) . Second, the fact that hippocampal-dependent spatial recognition memory was spared after isolation of the entorhinal-CA1 circuit implies that place cells in this preparation may still operate as functional ensembles. Because the CA1 area does not seem to have autoassociative properties, these ensemble properties may have been derived from afferent structures such as the entorhinal cortex (25) . Third, one of the behavioral outcomes of hippocampal associative processing, namely spatial recognition memory, is fully achievable with an isolated entorhinal-CA1 network (26, 27) . Finally, the isolated entorhinal-CA1 circuit does not support recall of remote locations or trajectories toward these locations, as tested in the open water maze. Such recall depended on an intact CA3 subfield (28) . Together, the results suggest that the hippocampal formation contains at least two functionally separable circuits with independent mnemonic capacity. Color-coded firing rate map for a cell that was recorded for five consecutive days (top to bottom) in the lesioned rat in panels (M) to (X) (scale as in Fig. 1D ; maximum firing rates: 8, 12, 12, 17, and 11 Hz, respectively). (Z) Directionally selective firing on a linear track in a different cell from the same rat. Red dots indicate where individual spikes were recorded on the rat's path (black). Spikes are shown separately for movement in each of the two directions (arrows). The cell had a distinct place field in one direction (peak rate, 22 Hz) but not in the other (peak rate, 0.8 Hz). 16 Thus, the intact recognition of rats with selective CA3 lesions was mediated either by the spared dentate gyrus or by the spared entorhinal-CA1 circuit. Because the dentate gyrus had no remaining intact efferent connections, the latter alternative is more likely. 27. Recognition of the goal location not only required a familiarity judgment but also involved an associative operation, that is, recollection of the fact that the place might contain an escape platform (5). 28. Area CA3 may also be necessary for nonspatial tasks that require association of discontiguous events (30 Pattern completion, the ability to retrieve complete memories on the basis of incomplete sets of cues, is a crucial function of biological memory systems. The extensive recurrent connectivity of the CA3 area of hippocampus has led to suggestions that it might provide this function. We have tested this hypothesis by generating and analyzing a genetically engineered mouse strain in which the N-methyl-D-asparate (NMDA) receptor gene is ablated specifically in the CA3 pyramidal cells of adult mice. The mutant mice normally acquired and retrieved spatial reference memory in the Morris water maze, but they were impaired in retrieving this memory when presented with a fraction of the original cues. Similarly, hippocampal CA1 pyramidal cells in mutant mice displayed normal place-related activity in a full-cue environment but showed a reduction in activity upon partial cue removal. These results provide direct evidence for CA3 NMDA receptor involvement in associative memory recall.
In both humans and animals, the hippocampus is crucial for certain forms of learning and memory (1, 2) . Anatomically, the hippocampus can be divided into several major areas: the dentate gyrus, CA3, and CA1 (3). In area CA3, the pyramidal cells, which project to CA1 pyramidal cells via Schäffer collaterals, receive excitatory inputs from three sources: the mossy fibers of the dentate gyrus granule cells, the perforant path axons of the stellate cells in the superficial layers of the entorhinal cortex, and the recurrent collaterals of the CA3 pyramidal cells themselves, which are the most numerous type of input to the CA3 pyramidal cells (4) . The prominence of these recurrent collaterals has led to suggestions that CA3 might serve as an associative memory network. Associative networks, in which memories are stored through modification of synaptic strength within the network, are capable of retrieving entire memory patterns from partial or degraded inputs, a property known as pattern completion (5) (6) (7) (8) (9) (10) . In CA3, the strength of the recurrent collateral synapses along with perforant path synapses can be modified in an NMDA receptor (NR)-dependent manner (11) (12) (13) (14) . In this study, we have examined the role of these synapses in memory storage, retrieval, and pattern completion by generating and analyzing a mouse strain in which the NMDAR subunit 1 (NR1) is specifically and exclusively deleted in the CA3 pyramidal cells of adult mice. CA3 NMDA receptor knockout mice. To generate CA3 pyramidal cell-specific NR1 knockout mice (CA3-NR1 KO mice), we used the bacteriophage P1-derived Cre/ loxP recombination system (15) . Because the CA3 pyramidal cell layer is a robust site of expression of KA-1, one of the kainate receptor subunits (16), we created transgenic mice in which the transcriptional regulatory region of the KA-1 gene drives the expression of the Cre transgene (17) . In one transgenic line (G32-4), the level of Cre immunoreactivity (IR) was robust in the CA3 pyramidal cell layer in mice older than 4 weeks of age (17) (Fig. 1A) . The spatial and temporal pattern of Cre/loxP recombination in the G32-4 Cre transgenic mouse line was examined by crossing it with a lacZ reporter mouse (Rosa26) and staining brain sections derived from the progeny with X-gal (17) (Fig. 1, B to D). Cre/loxP recombination was first detectable at postnatal day 14 in area CA3 of the hippocampus. At 8 weeks of age, recombination had occurred in nearly 100% of pyramidal cells in area CA3 (Fig. 1C) . Recombination also occurred in a few other brain areas, but at distinctly lower frequencies: in about 10% of dentate gyrus (Fig. 1C) and cerebellar granule cells (Fig. 1D ) and in about Coronal sections from the brain of an 8-week-old male G32-4/Rosa26 double-transgenic mouse stained with Xgal and Nuclear Fast Red. In forebrain (B and C), arrow, CA3 cell layer; arrowhead, dentate granule cell layer. In hindbrain (D), arrowheads, facial nerve nuclei. Scale bar, 100 m. (E and F) Parasagittal hippocampal sections from the brain of an 8-weekold G32-4/Rosa26 double-transgenic mouse subjected to double immunofluorescence staining with (E) antibodies against ␤-galactosidase (visualized by Alexa488) and GAD67 (visualized by Cy3), or (F) with antibodies against ␤-galactosidase and calretinin (visualized by Cy3). Green, ␤-galactosidase IR; red in (E) GAD67-IR; red in (F), calretinin-IR. DG, dentate gyrus; Th, thalamus; white arrows, somata of mossy cells; white arrowheads, axon terminals of mossy cells. Scale bar, 10 m.
50% of cells in the facial nerve nuclei of the brain stem (Fig. 1D) . Recombination frequency did not change in older mice. No recombination was detected in the cerebral cortex or in the hippocampal CA1 and subicular regions (Fig. 1, B to D) . We determined the type of the recombination-positive cells in the hippocampus with double immunofluorescence staining using a set of antibodies specific for ␤-galactosidase (a marker for the Cre/loxP recombination), glutamic acid decarboxylase (GAD)-67 (a marker for interneurons), and calretinin (a marker for dentate gyrus mossy cells in the mouse hippocampus) (17, 18) . Minimal overlapping staining was observed with antibodies against ␤-galactosidase and GAD67 (Fig.  1E ) and with antibodies against ␤-galactosidase and calretinin (Fig. 1F) . These results indicate that in area CA3 and the dentate gyrus, Cre/loxP recombination is restricted to the pyramidal cells and the granule cells, respectively.
We crossed the G32-4 mice with floxed-NR1 (fNR1) mice (15, 17) in order to restrict the NR1 knockout to those cell types targeted by the G32-4 Cre transgene. Floxed refers to a genetic allele in which a gene or gene segment is flanked by loxP sites in the same orientation; Cre recombinase excises the segment between the loxP sites. Homozygous floxed, Cre-positive progeny (CA3-NR1 KO) were viable and fertile, and they exhibited no gross developmental abnormalities. In situ hybridization data (17) suggested that in the CA3 pyramidal cell layer of these mice, the NR1 gene is intact until about 5 weeks of age, starts being deleted thereafter, and is nearly completely deleted by 18 weeks (white arrowheads in Fig. 2D ) of age (Fig. 2, A to D) . There was no indication of deletion of the NR1 gene elsewhere in the brain throughout the animal's life. Specifically, the NR1 gene seemed to be intact in granule cells of the dentate gyrus (Fig. 2 , E and F) and the cerebellum (Fig. 2, A to D) , as well as in the facial nerve nuclei (Fig. 2, G and H) . These results are in contrast to the Cre/loxP recombination-dependent expression of the lacZ gene (see Fig. 1, C and D) , likely due in part to differences in the sensitivity of detection of the Cre/loxP recombination and in part to differences in the susceptibility of the loxP substrates to the recombinase.
Performing NR1-immunocytochemistry with an antibody against the COOH-terminus of mouse NR1 (17) confirmed that the selective and late-onset deletion of the NR1 gene in the CA3 region of the mutant mice resulted in loss of the protein. The protein distribution was normal for the first 7 weeks after birth. By the 18th postnatal week, however, NR1 protein had disappeared from both the apical and basal dendritic areas in the CA3 region (Fig. 2, I to L). In contrast, normal levels of NR1 protein were maintained in the CA1 region and the dentate gyrus of the 18-weekold mutant mice. The reduction of NR1 protein in the CA3 region was observed in both dorsal and ventral hippocampus (Fig. 2, K and L), suggesting that the NR1 gene is deleted uniformly along the longitudinal axis of the hippocampus.
We carried out a set of immunocytochemical and cytochemical experiments to investigate the integrity of the cytoarchitecture of the mutant hippocampus (17) . No significant differences could be detected in the patterns of postsynaptic density-95 (PSD-95) (19) (Fig. 2, M and N) . Also normal was the IR distribution of calbindin D28k , a Ca 2ϩ -binding protein expressed at high levels in dentate gyrus granule cells but not in cells in the CA3 region, suggesting that mossy fibers from dentate gyrus granule cells project normally to their target in the CA3 region (the stratum lucidum) (19) . Nissl staining did not reveal any obvious abnormalities (Fig. 2, O and P). We also used the Golgi-impregnation technique to assess dendritic structures and found no significant differences between the mutant and the fNR1 control mice (24 weeks of age) with respect to the dendritic length, the number of dendritic branching points, or the spine density of CA3 pyramidal cells (20) .
Thus, in the mutant mice, the NR1 gene is selectively deleted in the CA3 pyramidal cells of the hippocampus. This deletion occurs only in adult mice (older than 5 weeks of age) and does not affect the hippocampal cytoarchitecture.
NMDA receptor activation. To evaluate whether functional NRs are present in CA3 pyramidal cells in CA3-NR1 KO mice, whole-cell patch-clamp recordings were performed on visually identified cells in freshly prepared hippocampal slices obtained from adult fNR1 control and mutant mice (17) . We compared the basic intrinsic properties and synaptically evoked responses of CA3 and CA1 pyramidal cells. In all but two experiments, the experimenters were blind to whether the animals were control or mutant mice. There were no differences in the intrin- We next isolated synaptically evoked NMDA currents (17) (Fig. 3) . At the medial perforant path (MPP)-dentate gyrus (DG) synapse, there were no differences in the 6-cyano-7-dinitroquinoxalline-2,3-dione (DNQX)-insensitive component of the total synaptic current (control, 15.8 Ϯ 7%, n ϭ 5; mutant, 16.7 Ϯ 2.3%, n ϭ 4; P ϭ 0.96; Fig.  3B ). A similar relationship was observed at the Schäffer collateral (SC)-CA1 synapse (control, 26.7 Ϯ 6%, n ϭ 4; mutant, 29.3 Ϯ 4%, n ϭ 4; P ϭ 0.78) (Fig. 3B) . However, consistent with the immunohistochemical characterization of an absence of NR1 in CA3-NR1 KO mice, the DNQX-insensitive component was significantly reduced at the recurrent commissural/associational (C/A) synapse in the mutant animals relative to controls (control, 27.5 Ϯ 3%, n ϭ 10; mutant, 3.0 Ϯ 1%, n ϭ 5; P Ͻ 0.0001) (Fig. 3B) .
We also tested the prediction that long-term potentiation (LTP) would be impaired at C/A-CA3 synapses in CA3-NR1 KO mice (Fig. 4) . At the mossy fiber-CA3 synapse (MF-CA3), in which LTP does not depend on NR activation (11) (12) (13) (14) , there was no significant difference in the induction or expression of LTP between control and mutant mice (control, 265 Ϯ 39%, n ϭ 5; mutant, 259 Ϯ 45%, n ϭ 6). Additionally at the SC-CA1 synapse, where NRs were intact, LTP was similar in both groups of animals (control, 232 Ϯ 37%, n ϭ 9; mutant, 219 Ϯ 53%, n ϭ 10). Similarly, in control animals, LTP was induced at C/A-CA3 synapses in all the animals examined (202 Ϯ 28%, n ϭ 5). In contrast, LTP was nearly absent at C/A-CA3 synapses in 9 out of 11 CA3-NR1 KO mice (101 Ϯ 11%, n ϭ 11). In two cases, we observed LTP, which may have been due to calcium influx from voltage-dependent calcium channels. These data provide functional evidence that NR1 knockout in CA3 pyramidal cells selectively disrupts NR-dependent LTP in CA3 at the recurrent C/A synaptic input, but not NR-independent mossy fiber LTP in CA3 or NR-dependent LTP in area CA1.
Spatial reference memory. We subjected the CA3-NR1 KO mice and their control littermates to the hidden platform version of the Morris water maze task (17, 21) to assess the effect of the selective ablation of NRs in CA3 pyramidal cells on the animals' ability to form a spatial reference memory. No significant differences were observed between the control and mutant mice in the escape latency, path length, average swimming velocity, or wall-hugging time (Fig. 5, A to D) . We subjected the mutant, fNR1, Cre, and wild-type littermates to a probe trial on day 2 (P1), day 7 (P2), and day 13 (P3), and assessed spatial memory by monitoring the relative radial-quadrant occupancy (Fig. 5E ). There was no difference in the acquisition rate of spatial learning among the four genotypes. By day 13 (P3), all four mouse strains spent significantly more time in the target radial-quadrant than in any of the nontarget quadrants. This result for three types of mice The same sets of mice as in (F) were subjected to partial-cue probe trials on day 14 (P4) and absolute platform occupancy assessed. Cre and fNR1 mice exhibited similar recall under partial-cue conditions as under full-cue conditions ( paired t test, P Ͼ 0.9 for each genotype), while recall by the mutant mice was impaired ( paired t test, *P Ͻ 0.01). (H) Spatial histograms of the animals' location during the full-cue (P3) and partial-cue (P4) probe trials. fNR1, n ϭ 20; mutant, n ϭ 23. (I) Relative recall index [RRI, averaged ratio of the target platform occupancy of the partial-cue (P4) or no-cue (P5) probe trial to that of the full-cue (P3) probe trial for each animal (17)] of fNR1 mice (n ϭ 18, blue) and mutant mice (n ϭ 22, red). The RRI value difference between the fNR1 and the mutant mice under the partial-cue conditions was significant (*P Ͻ 0.009; Mann-Whitney U test), while that under no-cue conditions was not (P ϭ 0.9; MannWhitney U test). T, target quadrant; AR, adjacent right quadrant; OP, opposite quadrant; AL, adjacent left quadrant.
was also shown by the criterion of absolute platform occupancy (Fig. 5F) . Thus, the selective ablation of NRs in adult hippocampal CA3 pyramidal cells has no detectable effect on the animal's ability to form and retrieve spatial memory as determined by the standard hidden platform version of the Morris water maze task. Further, the CA3-NR1 KO mice are not impaired in motivation, motor coordination, or the sensory functions required to carry out this spatial memory task.
Partial cue removal. In order to assess the role of CA3 NRs in pattern completion at the behavioral level, we examined the dependence of spatial memory recall on the integrity of distal cues in the CA3-NR1 KO mice and their control littermates (17) . We first subjected randomly selected subsets of the mice that had gone through the training and probe trial sessions to one more block (4 trials) of training 1 hour after the day 13 probe trial (P3) in order to counteract any extinction that may have occurred during the probe trial. On day 14, we subjected these animals to a fourth probe trial (P4) in the same water maze except that three out of the four extramaze cues had been removed from the surrounding wall. In the partial-cue probe trial, both the fNR1 control and Cre control mice searched the phantom platform location as much as they did in the full-cue probe trial. In contrast, the search preference of the mutant mice for the phantom platform location was significantly reduced by the partial cue removal (Fig. 5, F and G) .
We also monitored the effect of the partial cue removal by the criterion of relative radial-quadrant occupancy. The target radialquadrant occupancy of the Cre, fNR1, and mutant mice were 63.0 Ϯ 4%, 65.9 Ϯ 4%, and 66.4 Ϯ 4% under the full cue conditions (P3), respectively, and 55.8 Ϯ 5%, 58.8 Ϯ 5%, and 44.6 Ϯ 5% under the partial-cue conditions (P4), respectively. The effect of the partial cue removal was significant for mutant ( paired t test, P Ͻ 0.002) but not for
The differential effect of partial cue removal on search behaviors of fNR1 control and mutant mice was also indicated by a difference in the distribution of the animal's occupancy of locations during the probe trials (Fig. 5H ): In the full-cue environment (P3), both mutant and fNR1 control mice focused their search at or near the location of the phantom platform, as did the fNR1 mice searching for the platform in the partial-cue environment. By contrast, the mutant mice spent the majority of the time at or near the release site at the center of the pool and significantly less time at or near the location of the phantom platform in the partial-cue environment (P4).
For each individual mouse, we also determined the occupancy time at the phantom platform location in the partial-cue probe trial and compared that with the phantom platform occupancy time in the earlier full-cue probe trial, yielding a "relative recall index (RRI)" measure (17) . There was no effect of partial cue removal on this parameter in the fNR1 control mice, whereas the effect was highly significant for the mutant mice (Fig. 5I) .
It is possible that the mutant mice performed poorly in the partial-cue probe trial because they had lost the spatial memory faster than the control mice. To test this possibility, we restored the full-cue training environment by returning the three missing cues and the platform, then subjected the same set of animals that had gone through the training and probe trials to one more block (four trials) of training on day 14, 1 hour after the P4 partial-cue probe trial. Both the mutant and fNR1 control animals found the platform as fast as they did on day 12 and day 13, and there was no significant difference between the latencies of the mutant and control animals (P ϭ 0.32) (Fig. 5A ). There were also no significant differences between mutant and control mice in the total path length traveled and in their thigmotaxic tendency to remain close the walls of the maze (P Ͼ 0.4 for both measures) (Fig. 5, B and D) . These results indicated that the reason why the mutant mice performed poorly in the partial-cue probe trial was not faster memory loss. The results also confirmed that both the mutant and control animals had reached the asymptotic level of learning by day 12.
To test whether the recall in the partialcue environment depended on the remaining spatial cue, we carried out a fifth no-cue probe trial (P5) on day 15 after removal of all of the extramaze cues. We found robust recall deficits in fNR1 control and mutant mice under these conditions (Fig. 5I) . Both types of mice must have retained the memory of the platform location during this no-cue probe trial, because they reached the platform efficiently in a final block of training in the full-cue environment 1 hour after P5 (Fig. 5 , A to D, at day 15) (P Ͼ 0.15 for any of four measures).
We also tested whether the mutants' deficit in the partial-cue probe trial was due to impairment in perceiving the platform-distal cue. When mutants and fNR1 littermates were trained and probed with only one platformdistal cue, the mutants acquired the spatial memory, as well as the controls [mutant, F(3,36) ϭ 5.5, P Ͻ 0.005; fNR1, F(3,36) ϭ 17.7, P Ͻ 0.005; Newman-Keuls post hoc comparison (the trained radial-quadrant compared to all the other quadrants); P Ͻ 0.05 for both genotypes]. These results indicate that mutants are not defective in perceiving the platform-distal cue.
In summary, under the full-cue conditions both mutant and control mice exhibited robust memory recall. When three out of the four major extramaze cues were removed, control mice still exhibited the same level of recall, whereas the mutants' recall capability was severely impaired.
Spatial coding in CA1. To investigate the neural mechanisms that might underlie this deficit in memory recall, we examined the neurophysiological consequences of CA3-NR1 disruption by analyzing CA1 place cell activity with in vivo tetrode recording techniques (17) . Although genetic deletion was confined to CA3 pyramidal cells, place cell recordings were made from CA1 for two reasons. First, CA1 is the final output region of the hippocampus proper and, as a consequence, CA1 activity is more likely to reflect behavioral performance than CA3 activity. Second, most previous relevant electrophysiological tetrode recording studies have been performed in CA1 (22, 23) , so CA1 recordings are most suited for comparison with published findings of place cell activity in other genetically altered mice (24) .
We recorded from 188 complex spiking ( pyramidal) cells and nine putative interneurons from five mutant mice (24 sessions) and from 155 pyramidal cells and 8 interneurons from three fNR1 control mice (19 sessions) while the mice were engaged in open-field foraging (25) . Although an analysis of the basic cellular properties of CA1 pyramidal cells revealed no difference in mean firing rate, spike width, or spike amplitude attenuation within bursts (26) , pyramidal cells from mutant animals showed a significant decrease in complex spike bursting properties (complex spike index and burst spike frequency) ( Table 1 ). This reduction may reflect a decrease in excitatory input from CA3 (27, 28) where NR1 is ablated. If so, the reduced CA3 input would also alter the coding properties of CA1 place cells in mutant animals. However, under full-cue conditions, we found no significant differences between fNR1 control and mutant animals in either place field size (number of pixels above a 1 Hz threshold) or average firing rate within a cell's place field (integrated firing) ( Table 1) . Furthermore, the ability of cells with overlapping place fields to fire in a coordinated manner did not differ between fNR1 and mutant mice (covariance coefficient) ( Table 1) , in contrast with CA1-NR1 KO mice in which there was a complete lack of coordinated firing (24) . Thus, spatial information within CA1 is relatively preserved despite the loss of CA3 NRs, providing a physiological correlate of the intact spatial performance of CA3-NR1 KO mice in the Morris water maze under full-cue conditions. CA1 pyramidal cells also receive inhibitory input from local interneurons, and CA1 output reflects a balance between excitatory and inhibitory inputs (29) . The CA3-NR1 KO mice showed a decrease in the firing rate of putative CA1 interneurons (Table 1) , which could be due either to a decrease in direct feed-forward input from CA3 onto inhibitory interneurons (30, 31) as a consequence of the CA3-NR1 knockout, or to a decrease in local feedback drive from CA1 pyramidal cells onto interneurons (32) . This reduction in inhibition in mutant mice may compensate for the reduction of excitatory drive from CA3, thereby allowing CA1 pyramidal cells to maintain robust spatial coding. This hypothesis is consistent with previous theoretical (5) and experimental (33) studies.
CA1 place cells. We next determined whether CA1 output would be maintained after partial cue removal (34, 35) . Mice were allowed to explore an area for 20 to 30 minutes in the presence of four distal visual cues and then removed to their home cage. After a 2-hour delay, mice were returned to the open field with either the same four cues present (4 to 4 condition), or with three of the four cues removed (4 to 1 condition). Using three fNR1 control mice, we identified 28 and 26 complex spike cells during five "4 to 4" sessions and five "4 to 1" sessions, respectively. From five mutant mice we were able to isolate 43 and 47 complex spike cells during six "4 to 4" and six "4 to 1" recording sessions, respectively (Fig. 6, A and B) To quantify relative changes in place field properties of these cells, we calculated, for each cell, a relative change index (RCI) (17) . Using this index, we measured three properties of CA1 output: burst spike frequency, place field size, and integrated firing rate (Fig. 6, C to E) . Despite individual cell variation, on average in fNR1 mice there was no change in burst spike frequency, field size, or integrated firing rate of cells from the cue removal conditions relative to those from the no-cue removal conditions. Thus, at the population level, the net output from CA1 was maintained for fNR1 mice under cue removal conditions. In contrast, mutant cells showed significant reductions in burst spike frequency, place field size, and integrated firing rate after cue removal. It is important to note that mutant place cells showed no significant changes when mice were returned to the recording environment in the presence of all four distal cues. Average running velocity in the open field across all conditions was not different in both genotypes (Kruskal-Wallis test, P ϭ 0.70). When we examined whether the location of individual place fields shifted across conditions, we found no significant differences between mutant and fNR1 mice for either cue removal or no-cue removal conditions, suggesting that some reflection of past experience is maintained in the firing of mutant CA1 place cells even under conditions of partial cue removal (Fig. 6F) .
These physiological results are compatible with the behavioral results, suggesting that reductions in CA1 output as a consequence of reduced CA3 drive resulting from cue removal may make it more difficult for mutants to retrieve spatial memories. This impairment may underlie the inability of mutants to solve spatial memory tasks, such as the water maze, when only partial distal cues are available.
Discussion. The formation of hippocampus-dependent memories of events and contexts involves incorporating complex configurations of stimuli into a memory trace that can be later recalled or recognized (1, 2) . The subregions of the hippocampus likely serve complementary but computationally distinct roles in this process (3) . For example, NRs in area CA1 are critical for the formation of spatial reference memory and normal CA1 place cells under conditions of fully cued memory retrieval (15, 24) . In contrast, CA3-NR1 KO mice exhibit intact spatial reference memory under conditions of fully cued mem- ory retrieval with normal behavior and normal CA1 place cell activity. Thus, area CA1 is a major site involved in the storage of spatial reference memory and that this memory can be formed without CA3 NRs.
Although previous studies of memory formation and recall under fully cued conditions (15) provided basic insights into the mechanisms of memory formation, in day-to-day life, memory recall almost always occurs from limited cues in real-life situations, as pattern completion (5). In the past, computational analyses have pointed out that a recurrent network with modifiable synaptic strength, such as that in hippocampal area CA3, could provide this pattern completion ability (5-10). The impairment exhibited by CA3-NR1 KO mice in recalling the spatial memory after partial cue removal provides a direct demonstration of a role for CA3 and CA3 NRs in pattern completion at the behavioral level. At the neuronal network level, pattern completion was indicated by intact CA1 place cell activity under cue removal conditions in control mice, demonstrating the ability of intact CA3-CA1 networks to carry out this function. By contrast, under the same partialcue conditions, CA1 place field size in mutant mice without CA3 NRs was reduced, demonstrating incomplete memory pattern retrieval.
The residual search preference for the phantom platform location exhibited by mutant mice after partial cue removal (Fig. 5 , G and H) reflects the degradation rather than the complete loss of spatial memory retrieval. This is consistent with the complementary observation of reduced place cell responses with preserved place field location (Fig. 6F) , indicating a decrease rather than complete disruption of reactivation of the memory trace. This result may also reflect the existence of additional recall mechanisms independent of CA3 NR function.
Although plasticity at mossy fiber-CA3 synapses is NR-independent (11) (12) (13) (14) , plasticity at perforant path-CA3 synapses is NR-dependent (14) . Therefore, we cannot exclude the possibility that the feed-forward input to CA3 via the perforant path contributes to the observed pattern completion effects. However, the substantially greater strength of recurrent synaptic inputs relative to the contribution of the perforant path (36) suggests a dominant role for the recurrent system.
It has been proposed that memory can be stored in associative memory networks whose synapses are modifiable (5-10) (Fig. 7) . In this model, inputs arriving via dentate mossy fibers or perforant path afferents (or both) would produce a pattern of CA3 ensemble output that reflects the pattern of inputs received. During normal memory acquisition under full-cue conditions, recurrent fiber synapses are modified in an NR-dependent manner to reinforce this ensemble pattern by strengthening connections between coactive neurons within the ensemble. This reflects storage of the memory trace within CA3 (Fig. 7, B and C) . This complete CA3 pattern, driven by full-cue input and reinforced by recurrent connections, activates CA1 neurons and produces a pattern that serves as the output of the hippocampal circuit. The strengthening of connections between the CA3 and CA1 neurons that participated in this process reflects storage of the memory trace within CA1 (Fig. 7, B and  C) . Under full-cue conditions in mutant animals, the lack of NRs in the CA3 pyramidal cells prevents storage of the memory trace in the CA3 recurrent network but does not impair storage in CA1 (Fig. 7, D and E) . The input for the memory storage in CA1 could also arrive via perforant path afferents directly from the entorhinal cortex.
Under conditions of normal recall, presentation of the full set of cues activates CA3 neurons in a pattern corresponding to the original CA3 memory trace, thereby leading to reactivation of the memory trace in CA1 (Fig. 7B) . In mutant animals without CA3 NRs under full-cue conditions, although the CA3 memory trace is absent, the CA1 memory trace is reactivated directly by the incoming cues that correspond in their configuration to the pattern of the memory trace (Fig.  7D) . Reactivation of previously strengthened recurrent synapses is unnecessary for recall under full-cue conditions, as indicated in the model (Fig. 7, B and D) and confirmed by our results from recordings in CA1. Nevertheless, the reactivation may contribute to the recall process in control animals by producing a more robust input to CA1 from CA3. This possibility would be consistent with the observed reduction in CA1 inhibitory cell activity in mutant animals, suggesting that even under full-cue conditions, the strength of input from CA3 might be diminished and compensated for through homeostatic reduction of feedback or feedforward inhibitory drive. In this way, a complete but weakened CA3 output pattern can provide sufficient drive to CA1 (33) . Direct measurement of CA3 output may clarify some of these issues.
Under conditions of partial cue removal, limited input activity provides only partial activation of the CA3 output pattern in both control and mutant animals (green lines, Fig.  7 , C to E). In control animals, this limited output activates previously strengthened recurrent synapses onto CA3 neurons that had participated in the original full-cue pattern (Fig. 7C ). These recurrently driven cells complete the output pattern of CA3 (red lines, Fig. 7C ), which can then drive the full output pattern in CA1. In mutant animals, limited input drives a correspondingly limited CA3 output pattern (green line in Fig. 7E ). However, because of the lack of a memory trace in recurrent synapses, their activation is unable to drive neurons that had participated in the original full-cue pattern. This circumstance leads to a limited output pattern from CA3 that leads to a limited output pattern in CA1 in the form of smaller place fields with reduced firing rates (Fig. 7E) .
Because CA3 NR function is absent during both memory formation and retrieval in CA3-NR1 KO mice, retrieval itself may be Red arrows, pathways that form NR-dependent modifiable synapses in CA3; EC, entorhinal cortex; DG, dentate gyrus; RC, recurrent collaterals; SC, Schäffer collaterals; MF, mossy fibers; PP, perforant path. (B to E) Basic wiring of CA3 and CA1, illustrating the proposed mechanisms for pattern completion. In control (B) and mutant (D), full cue input (downward arrows) is provided to CA3 from DG or EC and to CA1 from EC. Although the nature of these inputs is likely to be different, we do not consider this difference in this model. In control (C) and mutant (E), a fraction of the original input is provided to activate the memory trace during recall. For detailed explanation, see Discussion. Red dots, CA3 RC synapses or SC-CA1 synapses participating in memory trace formation; red circles, memory traces that are activated during recall; red dots without red circles, memory trace not activated during recall; red triangles and lines, CA3 pyramidal cell activity resulting from pattern completion through recurrent collateral firing; green triangles and lines, CA3 pyramidal cell response to external cue information; open triangles and black lines, silent CA3 pyramidal cells and inactive outputs; blue triangles, CA1 pyramidal cells.
affected by NR manipulation. Infusion of AP5 selectively into the hippocampus impairs spatial memory acquisition but shows no effect on retrieval of previously trained spatial reference memory in the water maze (37) , suggesting that our results reflect a primary deficit in NR-dependent memory formation in CA3 that is then revealed as a deficit in recall under limited cue conditions.
A substantial proportion of aged individuals exhibit deficits of memory recall (38) . In early Alzheimer patients, retrieval is the first type of memory function to decline; such retrieval deficits may serve as an early predictor of Alzheimer disease (39, 40) . Normal aging produces a CA3-selective pattern of neurochemical alterations (41) (42) (43) . Exposure to chronic stress, which can lead to memory deficits, also selectively causes atrophy in the apical dendrites of CA3 pyramidal cells (44) . These results are consistent with our findings in mice that the CA3 region is critical for cognitive functions related to memory recall through pattern completion.
This study along with our previous study with CA1-NR1 KO mice (15, 24) illustrates the power of cell type-restricted, adult-onset gene manipulations in the study of molecular, cellular, and neuronal circuitry mechanisms underlying cognition. The same neurotransmitter receptors (i.e., NMDA receptors) can play distinct roles in the mnemonic process depending on where and in which neural circuitry in the hippocampus they are expressed. It is expected that other genetically engineered mice with precise spatial and/or temporal specificity will help dissect mechanisms for a variety of cognitive functions.
